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Using inelastic neutron scattering we measured the micro-
scopic magnetic coupling associated with the ferromagnetic
(FM) clusters of the “colossal magnetoresistance” (CMR)
compound Pr0.70Ca0.30MnO3. When the insulating to metal
(I-M) transition is induced by an external magnetic field there
is a discontinuous change in the spin-wave stiffness constant.
This result indicates that the probed regions undergo a first-
order transition from an insulating to a metallic state, and
that there are no FM metallic domains in the insulating re-
gion. We argue that the I-M transition in the CMR mangan-
ites is more complex than the simple percolation of large FM
metallic clusters.
PACS numbers: 72.15.Gd, 61.12.Ld, 71.30.+h
The understanding of the colossal magnetoresistance
(CMR) effect – the unusually large change in electrical
resistance in response to a magnetic field – in certain
materials is among the most interesting unresolved prob-
lems in condensed matter physics [1]. The most studied
of these materials are the doped perovskite manganites
A1−xBxMnO3 [where A is a trivalent ion (La
3+, Pr3+,
Nd3+, etc) and B is a divalent ion ( Ca2+ or Sr2+)] with
x ≈ 0.3. The basic microscopic mechanism responsible
for the CMR effect is believed to be the double-exchange
(DE) interaction [2], where ferromagnetism and electri-
cal conductivity arise from hopping of the itinerant eg
electrons from trivalent Mn3+ to tetravalent Mn4+ sites.
The physics of the CMR effect, however, is far from being
completely understood. For example, recent calculations
suggest that these materials are intrinsically inhomoge-
neous, and have a strong tendency to spatial electronic
phase separation [3]. Experimentally, the existence of
mesoscopic phase separation, in which the I-M transition
is achieved via the percolation of large metallic clusters,
has been suggested by electron microscopy and tunnel-
ing experiments [4,5]. If this mesoscopic phase separation
scenario is central to the CMR physics, it should be uni-
versal and occur in all CMR manganites. In this Letter,
we show that the I-M transition in Pr0.70Ca0.30MnO3
(PCMO30) is far more complex than the simple percola-
tion of large metallic clusters. Instead, the I-M transition
in this system is associated with insulating ferromagnetic
(FM) regions that become metallic in a first-order pro-
cess. This result challenges our present understanding of
the CMR effect and suggests that, if percolation plays
an important role in the CMR process, it must be the
percolation of insulating clusters in conjunction with an
underlying first-order phase transition.
PCMO30 is an ideal system to test the mesoscopic
phase separation scenario, because it has an inhomoge-
neous low-temperature insulating state [6–8] where fer-
romagnetism, antiferromagnetism, and charge ordering
coexist [9]. This insulating state is metastable and can
be converted to a metallic state by the application of an
external magnetic [9,10] or electric field [11], high pres-
sure [12], and by exposure to x-rays [13] or visible light
[14]. In the mesoscopic electronic phase separation pic-
ture [4,5], the electrical conductivity in the CMR mate-
rials is achieved via the percolative transport of carriers
through micrometer-sized FM metallic domains in an in-
sulating antiferromagnetic (AF) background. In this sce-
nario, the effect of an external magnetic field in a system
like PCMO30 would be only to enlarge the FM metal-
lic clusters, at the expense of the AF insulating regions,
without modifying the magnetic coupling of the spins.
We use inelastic neutron scattering to probe the micro-
scopic magnetic coupling associated with the FM clus-
ters in PCMO30. We achieve this by measuring the FM
spin-wave (SW) stiffness constant “D”(which measures
the strength of the magnetic coupling of the spins [15])
as PCMO30 undergoes the I-M transition induced by a
magnetic field. The use of thermal neutrons, which probe
length scales of the order of 100-300A˚, ensures that our
measurements are insensitive to FM cluster-size changes
at micron scales. For a conventional ferromagnet the
effect of an external magnetic field of a few Tesla is lim-
ited to induce a small Zeeman gap in the SW dispersion
relation, with no change in D [17]. Surprisingly, we dis-
covered that when the I-M transition in PCMO30 is in-
duced by a 3.5 T field at low temperature there is also a
three fold discontinuous change in the magnitude of D.
This unexpected result indicates that the I-M transition
involves a first-order transformation from insulating to
metallic clusters, and not just the simple percolation of
1
metallic clusters. Thus, any realistic percolation model
of the I-M transition must account for the microscopic
interactions of the spins and the first-order nature of the
I-M transition.
For this study, we prepared a single crystal of PCMO30
by the floating-zone method [10]. Transport and
electron-probe microanalysis on different parts of the
crystal indicated that the Ca doping was homogeneous.
The crystal has a mosaic spread of about 1 degree and
a volume of 0.4 cm3. The neutron scattering measure-
ments were performed at Oak Ridge National Labora-
tory’s High Flux Isotope Reactor. Most of the mea-
surements were performed using triple-axis spectrome-
ters configured to provide an energy resolution at the
elastic (E = 0) position of ∆E = 0.55meV (full-width
at half maximum (FWHM)) [18]. Neutron diffraction
measurements were also carried out at the Wide Angle
Neutron Diffractometer (WAND) [19,20].
PCMO30 has an orthorhombic structure slightly dis-
torted from the cubic lattice. For simplicity, we label
the wave vectors Q = (qx, qy, qz) in units of A˚
−1 as
(H,K,L) = (qxa/2pi, qya/2pi, qza/2pi) in the reciprocal
lattice units (rlu) appropriate for the pseudo cubic unit
cells with lattice parameter a ≈ 3.87 A˚. In this conven-
tion all (H,K,L) (H,K,L integers) reflections are al-
lowed. The crystal was oriented to allow wave vectors
of the form (H,K, 0) to be accessible in the scattering
plane. PCMO30 has a complex sequence of transitions.
[9] Below TCO ≈ 200K it exhibits charge ordering while
remaining paramagnetic, below TN ≈140K the magnetic
moments associated with the Mn3+ and Mn4+ ions or-
der antiferromagnetically in the so-called pseudo CE-type
structure, and only below TC ≈ 110K the system de-
velops a FM component that coexists with the CE-type
antiferromagnetism. At zero magnetic field PCMO30
remains an insulator at all temperatures. The charge-
ordered and antiferromagnetic phases are both charac-
terized by satellite reflections (1/4, 1/4, 0) and (1/2, 0, 0)
(and equivalent reflections).
We collected data under two different conditions, first
by applying a magnetic field after the sample was cooled
in zero field (zero field cooling or ZFC), and by cooling
the sample under an applied field (field cooling of FC).
The magnetic field was applied perpendicular to the scat-
tering plane by an Oxford cryomagnet (0T≤ H ≤ 7.0
T). The ZFC with H=0 measurements revealed the clear
presence of diffuse scattering around the main Bragg
peaks above TC , (see Fig. 1) . This diffusive component
is strongest at the smaller wavevectors and becomes grad-
ually weaker as the wavevector increases, as expected for
the magnetic form factor of the Mn ions, indicating that
this scattering is magnetic. When the sample is cooled
below TC a long-range FM component [16] develops (ad-
ditional Bragg intensity at the (H,K,L) positions), at
the same time that the diffuse scattering becomes weaker.
This diffusive component, however, does not vanish even
at the lowest temperatures indicating the inhomogeneous
character of this system at zero field. In addition to the
diffuse scattering there are additional superlattice reflec-
tions indicating the antiferromagnetism associated with
the charge ordering of the pseudo CE-type. This ordering
has characteristic wavevectors (±1/4,±1/4, 0) (see Fig.
1). From the sharpness of the charge ordering peaks,
it is clear that the charge ordering in PCMO30 is long-
range [16] in contrast to the short-range charge ordering
in La1−xCaxMnO3 family of materials [21,22].
Figure 2 shows the ZFC elastic scattering profiles of
the (1 0 0) Bragg peak at T=40K measured with a triple-
axis spectrometer, for H=0, 2.5 and 3.5T. The long-range
Bragg component [16] of the scattering has been fitted to
a Gaussian while the magnetic diffusive component has
been fitted to a Lorentzian lineshape. The magnetic dif-
fuse scattering indicates the presence of short-range FM
clusters with a correlation length ξ ≈ 40 A˚. These clus-
ters are static within a ∆t ≈ 1ps and coexist with long-
range FM clusters [16]. The effect of the magnetic field
is to gradually reduce the number of the short-range FM
clusters without significantly changing their correlation
length, at the same time that the ferromagnetic moment
is increased. This is reflected by the intensity reduction of
the Lorentzian component without significant change in
its linewidth, while the intensity of the Bragg component
increases (Fig. 2). When the system is FC at 6.8T, there
is no trace of the Lorentzian component. The (ZFC)
magnetic field dependence of the intensities of these two
components has been plotted in figure 3a. The region
where there is a jump in the intensity of the FM compo-
nent (around 3.5T) corresponds to the I-M transition,
which is also the region where the CE-type antiferro-
magnetism is greatly (but not completely) suppressed.
[9] Thus, in the absence of a field there is a coexistence
of a)long-range FM [16], b) short-range FM clusters (ξ ≈
40 A˚), and c) long-range CE-type AF regions [16]. The
effect of the magnetic field is to gradually incorporate
the short-range FM clusters into the long-range FM re-
gions [16] and, at the same time, to gradually suppress
the CE-Type AF clusters.
We also measured the spin waves in PCMO30 both
in the FC and ZFC conditions. First we measured the
spin waves at 40K after the sample was cooled in a 6.8T
field. Then the field was gradually decreased to 5T, 2T
and 0.5T and the low-q (q ≤ 0.07 rlu) spin waves were
measured for every field. The measurements were made
in the constant-Q = (1 + q, 0, 0) mode. The SW ener-
gies followed the usual quadratic dependence expected
for a ferromagnet in the long-wavelength (small q) limit:
E(q) = ∆ + Dq2, where ∆ is the Zeeman energy gap
and D is the SW stiffness coefficient [17]. This is shown
in figure 4a, where the measured FC low-q SW energies
have been plotted vs. q2 for various magnetic fields, the
straight lines are the result of fits to the quadratic disper-
sion relation. The upper inset of figure 4a shows a plot
of the fitted SW stiffness coefficient D vs. H. Within
the experimental error the SW stiffness does not change
with the field (after FC at 6.8T), and has a value of
D = (140 ± 5)meV-A˚2 at T=40K. Thus, the only ef-
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fect of the field in the FC case is to open a Zeeman
energy gap that grows linearly with the applied field
as ∆ = gµH (see lower inset of fig. 4a). We note
that the magnetic moment obtained from this plot is
only µ = (2.57 ± 0.43)µB, which is smaller than the
expected full Mn moment of 3.7µB for the x = 0.30
doped Mn3+/Mn4+ system. The low-q SW excitations
at T=40K in the ZFC condition were different. Unlike
the FC case, the ZFC measurements had to be performed
in the constant-E mode due to the high background pro-
duced by the strong FM diffusive component mentioned
above, which is strongest in the vicinity of Q = (1, 0, 0).
In all cases the SW energies also followed the expected
quadratic dependence, the results from these measure-
ments have been plotted in fig. 4b. The surprising result
is that the ZFC SW stiffness coefficient for fields up to
≈ 3T is only D ≈ 50meV-A˚2, almost a factor of three
smaller than for the FC case. The full stiffness D =
(140±5)meV-A˚2 is only recovered when the I-M transi-
tion is induced at H ≈ 3.5T (see Fig. 3b), at the same
time when the ξ ≈ 40A˚ clusters are suppressed.
The sharp three-fold change in D suggests either a
drastic change in the magnitude of the spins or a dras-
tic change in the strength of the spin interactions at the
PCMO30 field-induced I-M transition. The first possibil-
ity can be ruled out from Fig. 3a as the magnitude of the
small change in the FM component cannot account for
the magnitude of the observed change in D. Our find-
ings thus favor the drastic change in the strength of the
microscopic spin interactions at the I-M transition. We
note that the high SW-stiffness D = (140 ± 5)mev-A˚2
is comparable to other FM metallic manganites near the
x = 0.30 doping [23], where double exchange seems to be
the dominant magnetic interaction. The low SW-stiffness
D ≈ 50meV-A˚2 is similar to that of the recently mea-
sured FM insulator La0.80Ca0.20MnO3 [24,25], a system
likely to be dominated by some form of superexchange,
and seems to be characteristic of the FM insulating man-
ganites [26].
The results of our microscopic measurements on
PCMO30 support a picture in which the insulating phase
contains large (long-range [16]) and small (ξ ≈ 40A˚ )
FM “insulating” (low SW-stiffness) clusters, with no ev-
idence of any large FM metallic (high SW-stiffness) re-
gions. The application of an external magnetic field re-
duces the number of the small clusters until the system
becomes metallic in a first-order transition. This is con-
sistent with two recent reports of thermodynamic mea-
surements in PCMO30. Roy et al [27] reported an enor-
mous release of energy and a strong irreversibility at the
I-M transition of this system. Deac et al [28] suggested
the existence of field-induced insulating clusters in this
material at low magnetic fields. Our results are inconsis-
tent with the mesoscopic phase separation picture [4,5],
in which the I-M transition in the CMR materials is asso-
ciated with the percolation of FM metallic domains, and
show that the physics involved in this transition is far
more complex. One possible scenario of the I-M transi-
tion in the CMR materials could involve the percolation
of insulating clusters in conjuction with an underlying
first-order transition. It is known that random quenched
disorder may or may not produce rounding of a first-
order phase transition. This was first studied by Imry
and Wortis [29], and more recently by Moreo et al. [30].
This is a challenge to the current theoretical approaches
of CMR.
Finally, we note that the nano-size FM clusters of Fig-
ure 2 are comparable in size to those observed in other
CMR materials above and at their FM transition temper-
atures [23,31,32]. The field dependence of the nano-size
FM clusters of figure 3a seems to imply that these nano-
size clusters do play some role in the I-M transition.
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FIG. 1. Neutron diffraction patterns of PCMO30 in the
(H, K, 0) reciprocal lattice plane (pseudo-cubic notation).
The white arrows indicate the region near the (±δ, 2 ± δ, 0)
(δ = 1/4) satellites expected for the CE-type charge ordering.
The rings around the origin correspond to scattering from the
aluminum sample holder and the narrow “streaks” through
the strong Bragg peaks are an artifact from the detector.
FIG. 2. Q = (1+q, 0, 0) scattering profiles for H=0, 2.5 and
3.5 (ZFC) and 6.8T (FC). The solid lines are the results of
least-square fits to Lorentzian (diffuse) and Gaussian (Bragg)
components, except for the FC data which has only a Gaus-
sian component.
FIG. 3. 3a) ZFC magnetic field dependence of the inten-
sities of the Bragg (solid triangles) and Lorentzian (open
squares) components of the (1, 0, 0) FM reflection. The bro-
ken lines are a guide to the eye. The dotted line at H ≈3.5T
indicates the I-M boundary. 3b) ZFC magnetic field depen-
dence of the low-q SW stiffness coefficient D at T=40K.
FIG. 4. 4a) FC low-q SW energies vs q2 showing the usual
quadratic dispersion E = ∆+Dq2 expected for a FM. Upper
inset: FC SW stiffness coefficient vs. H. Lower inset: Fitted
energy gap ∆ vs. magnetic field showing the expected linear
Zeeman relation. 4b) ZFC low-q SW energies vs q2 showing
the usual quadratic dispersion E = ∆ + Dq2 expected for a
FM. Note the drastic change in the slope (D coefficient) at
H ≈ 3.5T, when the I-M transition occurs.
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